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INTRODUCTION 

The chemistry of c o a l  l iquefac t ion  i s  not very w e l l  understood, even a f t e r  more 
than two decades of research  i n t o  the  k i n e t i c s  and mechanism of the  process. There 
have been a number of models f o r  conversion proposed, most of them focused on the  
severa l  l iquefac t ion  products ,  including preasphaltenes. asphal tenes ,  o i l s ,  and 
gases. A survey of s o m e  of the models has been presented ( l ) ,  and a common fea ture  
among them is the  m u l t i p l i c i t y  of paths connecting a l l  of the components. 

Kinet ic  model s t u d i e s  have invar iab ly  been car r ied  out In organic donor media, 
and while the use of these  media may be convenient i n  l a r g e  sca le  conversion 
systems, they do not lend themselves well t o  labora tory  study of conversion. Not 
the l e a s t  s i g n i f i c a n t  of the  problems to be faced i n  such a study i s  t h e  unavoidable 
par t ic ipa t ion  i n  the o v e r a l l  chemistry of various i n t e r r e l a t e d  and in te r locked  f ree  
rad ica l  chain reac t ions ,  most of which having no d i r e c t  bearing on, and perhaps only 
a secondary r e l a t i o n s h i p  v i t h ,  the  l i q u e f a c t i o n  process. 

The complications presented t h i s  network of i n c i d e n t a l  reac t ions ,  coupled 
with the mult iple  r e a c t i o n  paths  to  products, prompted the study of the  k i n e t i c s  of 
coal l iquefac t ion  using s u p e r c r i t i c a l  water as  the  medium. The a c t i o n  of CO/wa te r  
t o  reduce both lov rank and bituminous c o a l s  t o  upgradea products has been known for  
more than half  a century,  having been introduced i n  the  work of Fischer  and Schrader 
( 2 ) .  Hydrothermal media are recognized as being exce l len t  solvents  f o r  aromatics, 
with t e t r a l i n  and naphthalene, f o r  example, being f u l l y  miscible  with water a t  a l l  
proportions a t  temperatures as  low as 30OoC (3) .  A review of the CO/water 
conversion process, inc luding  t h e  most recent  work, has recent ly  appeared ( 4 ) .  

In the research descr ibed here. batch runs were performed using samples of an 
I l l i n o i s  No. 6 coal  (PSOC 1098) In a s t i r r e d ,  300 m l  s t a i n l e s s  steel autoclave.  A l l  
of the runs were f o r  20 min a t  4OOOC. The only product considered is  the  toluene- 
soluble  f r a c t i o n  (TS), separated from t h e  toluene-insoluble  f r a c t i o n  (TI)  by simple 
f i l t r a t i o n .  

RESULTS 

Working Model. Our lrorRing model evolved from considerat ion of t h e  p r o f i l e s  
typ ica l ly  noted i n  the  modeling l i t e r a t u r e .  Products are seen to  grow with t i m e ,  
and then leve l  off a t  some l e v e l  below q u a n t i t a t i v e  conversion. A t  t h e  same time 
the q u a n t i t i e s  "unreacted coal"  decl ine,  l eve l ing  off a t  a Value above t o t a l  
conversion. 
conversion would depict  a c o l l e c t i o n  of organic  uni t s ,  connected t o  each o ther  
through a series of l i n k s  increas ingly  more d i f f i c u l t  to break. 

A p i c t u r e  of the coa l  organic  matr ix  der ived from t h i s  view of 
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On t h i s  basis conversion is l imited by coa l  s t r u c t u r e .  And i n  terms of the  
conventional homolytic scission/H-capping view of conversion, increased y i e l d s  of 
coa l  l iqu ids  a r e  therefore  obtainable  only through increases  in conversion 
temperature or residence time. Unfortunately, increases  i n  the thermal s e v e r i t y  of 
the  process r e s u l t  i n  products r e f l e c t i n g  the r i s e  of dea lkyla t ion  and aromatizat ion 
react ion8 a t  higher temperatures. Thus increased product y i e l d s  a r e  brought about 
a t  a considerable cost  t o  product q u a l i t y  (5). 

The f a c t  tha t  the  p r o f i l e s  of both t h e  desired so luble  product and t h e  
inso luble  product ("unreacted coal")  l e v e l  off a t  intermediate  values suggest a 
simpler model f o r  conversion. This scheme, presented i n  Figure 1, is our working 
model, and is tes ted  i n  the study descr ibed here .  In the  scheme coal  i s  par t i t ioned  
i n  p a r a l l e l ,  competitive routes  between i) reac t ion  with some reducing component i n  
the system t o  yield TS, and i i )  thermal l o s s  of conver t ib le  s i t e s  t o  y i e l d  char. In 
t h i s  work we have avoided cons idera t ion  of s p e c i f i c  mechanism f o r  decrease i n  
molecular weight with l iquefac t ion ,  including i n  p a r t i c u l a r  the  perceived need f o r  
thermal sc i ss ion  of C-0 and C-C bonds during conversion. 
simply as  a process requir ing some kind of nonspecif ic  reduct ion chemistry. 

Thus we view conversion 

This two-reaction scheme, i f  t r u l y  opera t ive ,  suggests  a view of the  p o t e n t i a l  
u t i l i t y  of l iquefac t ion  more o p t i m i s t i c  than t h a t  der ived from the convent ional ly  
accepted scheme. The y ie ld  of TS is  a funct ion of the r a t e s  of the  two reac t ions .  
Therefore an increase i n  the r a t e  of the TS route ,  or a decrease i n  the  r a t e  of char 
formation, would bring about increased TS y ie lds .  In turn,  an increase  i n  the r a t e  
of TS formation could be brought about with an increase  i n  the  reducing capac i ty  of 
the system, ra ther  than through an increase  i n  reac t ion  temperature. And thus i n  
pr inc ip le ,  increases  i n  TS y ie ld  t o  product q u a n t i t i e s  represent ing a l l  of the 
convert ible  port ion of the s t a r t i n g  coa l  could be obtained,  and a t  no cos t  t o  
product qua l i ty .  

CO/Water Conversions. In c o n t r a s t  t o  the more-or-less f ixed reducing capaci ty  
a v a i l a b l e  in conventional donor systems, the CO/water system offered cons iderable  
l a t i t u d e .  We had e a r l i e r  demonstrated t h a t  changes i n  the i n i t i a l  ph of the system 
brought about wide v a r i a t i o n  i n  the  TS y ie lds  for  I l l i n o i s  No. 6 coal  ( 6 ) .  In 
accord with the f indings of s e v e r a l  o ther  groups including Appell, e t  a l .  ( 7 ) ,  t h e  
conversions were found t o  be base promoted. The present  study included a range of 
i n i t i a l  pH values ,  and focused on a comparison of the r e s u l t s  in H20 with those from 
a s u b s t i t u t i o n  i n  p a r a l l e l  experiments of D20. 

The r e s u l t s  for  severa l  runs i n  the two media are presented in Figure 2 .  The 
f i g u r e  presents  a p lo t  of %-toluene so luble  products = q u a n t i t y  of P2 produced i n  
t h e  run (cold) .  There is a range of TS y i e l d s  from values  up t o  around 50% f o r  the  
p r o t i o  medium. These conversions were a t t a i n e d  by ranging the  i n i t i a l  pH from 7 t o  
13. 

We have pointed out t h a t  the water gas s h i f t  reac t ion  

CO + H20 4 H2 + C02 

p a r a l l e l s  the conversion ( 6 ) .  and the r e s u l t s  when presented as a funct ion of 
product H2 show tha t  the  hydrogen from t h i s  reac t ion  is not the  e f f e c t i v e  reducing 
species .  Thus i n  the f igure  is a r e s u l t  f o r  a run with H2/P20, plo t ted  a t  an 
absc issa  value equal t o  tho s t a r t i n g  quant i ty  of hydrogen (co ld) .  This point  f a l l s  
w e l l  below the 'CO/HZO r e s u l t s ,  and i t  is c lear  t h a t  t h e  TS y ie ld  is below tha t  which 
would be produced f o r  a run with CO y ie ld ing  t h a t  quant i ty  of hydrogen. 

~ 1 ~ 0  present i n  the  plot  is a r e s u l t  f o r  a conversion i n  t e t r a l i n  f o r  60 min at 
400°c. Again the hydrothermal CO system provides the superior  r e s u l t s ,  and a t  a I 
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shor te r  res idence t i m e .  

The major f ind ing  in t h i s  work is t h e  i so tope  e f f e c t .  We f ind  t h a t  the 
deuter io  system provides higher TS y i e l d s  than does t h e  p r o t i o  system. Moreover, t h e  
deuter io  r e s u l t s  l e v e l  off  a t  a s u b s t a n t i a l l y  higher conversion leve l .  This  r e s u l t ,  
an inverse i so tope  e f f e c t ,  is not very common in isotope e f f e c t  s t u d i e s ,  and has 
recent ly  been discussed by Keeffe and Jencks ( 8 ) .  The implicat ion of these  f indings 
as regards conversion mechanism and s t r u c t u r e  is considerable ,  and is discussed 
below. 

products of Conversion. Conversion product analyses a re  presented in Figure 
3. The procedure used here  is t h a t  developed by Parcasiu (9) ,  with which we have 
separated the toluene-soluble  f r a c t i o n s  i n t o  subf rac t ions  of increasing polar i ty .  
The TS f r a c t i o n s  f o r  d i f f e r e n t  coa ls  y i e l d  d i f f e r e n t  p r o f i l e s ,  and yet we f ind here  
f o r  the I l l i n i o s  No. 6 c o a l  t h a t  the TS f r a c t i o n s  f o r  conversion in water of 29% and 
60% are  v i r t u a l l y  the same. Further ,  t h e  TS f r a c t i o n  from the  t e t r a l i n  run is a l s o  
e s s e n t i a l l y  i d e n t i c a l  in i t s  p r o f i l e .  

T h i s  r e s u l t  can be considered along with t h e  molar H/C r a t i o s  f o r  both the TS 
and TI  f r a c t i o n s  from s e v e r a l  runs. s h o w  in Figure 4. We f ind  t h a t  within the  
bounds of the scatter in the  da ta ,  the r a t i o s  are unchanging with conversion. The 
T I  results include those from a run in which N2 replaced CO. 

DISCUSSION 
Taken alone,  the conversion p r o f i l e  from t h e  pro t io  work is cons is ten t  with the 

view tha t  the conversion of coa l  is l imi ted  by i ts  s t ruc ture .  Thus i f  t h e  organic 
port ion of coal  contained a l imi ted  network of breakable links, the  s c i s s i o n  of 
which would l i b e r a t e  about  50% of the material t o  TS product, then runs with 
increasing conversion capac i ty  would show increased conversion, leve l ing  off a t  
about 50% TS yield.  

The inverse  i so tope  e f f e c t ,  however. requi res  a d i f f e r e n t  p ic ture .  Thus a 
s i m p l e  change t o  the heavy medium brings about no t  only increased conversions, but a 
leve l ing  off of conversion a t  a s i g n i f i c a n t l y  higher l e v e l .  Whatever the  reduction 
mechanism, it is highly unl ikely t h a t  i s o t o p i c  switch from 'H t o  '8 would increase 
t h e  inherent  bond breaking capaci ty  of t h e  system. And so we conclude t h a t  the 
s t a r t i n g  coa l  must conta in  many more breakable l i n k s  than supposed above, but tha t  
some portion of the l i n k s  a re  l o s t  through o ther  reac t ions .  The proposed model i n  
F igure  1 is thereby confirmed. 

The f u l l  scheme f o r  conversion is presented in Figure 5. In t h i s  scheme, 
formate is par t i t ioned  between reac t ion  with coal ,  and a hydrogen ion t r a n s f e r  
reac t ion  with water t o  y ie ld  formic acid.  The a c i d  is unstable  a t  the conversion 
temperatures (lo), decomposing rapidly t o  carbon dioxide and hydrogen. Thus with 
t h e  switch from pro t io  t o  deuter io ,  the formic ac id  formation experiences a normal 
deuterium e f f e c t ,  i . e .  p r o t i o  > deuter io ,  and is slowed. The r e s u l t  is a n  increase 
in the s teady-state  concent ra t ion  of formate, and an accordant increase  in the TS 
y ie ld .  

These r e s u l t s ,  including most e s p e c i a l l y  the product da ta ,  cont ras t  decidedly 
with those discussed by Whitehurst e t  al. ,  noted above (5 ) .  
f ind  tha t  with increased reducing capac i ty  and a t  constant  temperature, the  system 
gives  increased y i e l d s  of product, and a t  no cos t  to  product q u a l i t y .  

r a t h e r  by t h e  k i n e t i c s  of t h e  reducing s t e p ( s ) .  
capaci ty ,  and where the  water gas s h i f t  reac t ion  can be suppressed, should provide 
even higher conversions t o  toluene-soluble products. 

In the  present  work, we 

I n  summary, we f i n d  t h a t  conversion is not l imi ted  by coal  s t r u c t u r e ,  but 
Systems w i t h  even g r e a t e r  reducing 

The products in t u r n  should be 
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no l e s s  r i c h  i n  hydrogen than those from lower conversion runs. 

It is s t i l l  necessary t o  br ing about an understanding of the  s p e c i f i c  reducing 
chemistry. From our present  da ta  we can conclude t h a t  the conventional thermal 
scission/H-capping sequence does not apply here. And s i n c e  the  TS product from 
t e t r a l i n  conversion is no d i f f e r e n t  from those from aqueous conversion, i t  would 
appear t h a t  the reduct ion i n  conventional donors breaks the same links broken by the  
hydrothermal system. 

Thus the quest ion of the nature  of c r i t i c a l  l i n k  s c i s s i o n  i n  convent ional  
Conversions must be reconsidered. Brower has recent ly  questioned the  convent ional  
scheme (11 a , b ) ,  and it is c l e a r  t h a t  the d e t a i l e d  mechanism of coa l  conversion i s  
Yet to  be developed. 

NOTE ADDED I N  PROOF. The model d e a l t  with here  demands tha t  the T I  f r a c t i o n s  
be unconvertible in subsequent conversion at tempts .  
work proceeding a t  p resent ,  i n  which the product from N 2 / w a t e r  runs is  being 
s tudied.  The product, v i r t u a l l y  f u l l y  toluene-insoluble, y i e l d s  only 5% TS y i e l d s  
i n  subsequent CO/water conversions. 
a r e  reduced to  only around 1 min, the  subsequent TS y i e l d s  a r e  s t i l l  below 10%. The 
char-forming reac t ion  must be very rapid at 4OOOC. 

That expec ta t ion  i s  r e a l i z e d  in 

I n  f a c t  when t h e  times f o r  the  N2/water runs 
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Figure 1. Working Model. TS = toluene soluble 
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